Sometimes crystals cannot diffract X-rays beyond 3.0 Å resolution due to the intrinsic flexibility associated with the protein. Low resolution diffraction data not only pose a challenge to structure determination, but also hamper interpretation of mechanistic details. Crystals of a 25.6 kDa non-Pfam, hypothetical protein, PF2046, diffracted X-rays to 3.38 Å resolution. A combination of SeMet derived heavy atom positions with multiple cycles of B-factor sharpening, multi-crystal averaging, restrained refinement followed by manual inspection of electron density and model building resulted in a final model with a R value of 23.5 (R free = 24.7). The asymmetric unit was large and consisted of six molecules arranged as a homodimer of trimers. Analysis of the structure revealed the presence of a RNA binding domain suggesting a role for PF2046 in the processing of nucleic acids.
INTRODUCTION
A number of proteins from different genomes are annotated as hypothetical proteins (Brenner, 2000) . The primary amino acid sequence of such proteins does not contain any information that could potentially provide clues for their classification into Pfam families (Bateman et al., 2004) or their function. One way of determining the function of such proteins is to solve the 3-dimensional structure of the protein and compare it with structures of proteins with known function deposited in Protein Data Bank (PDB) (Berman et al., 2000) . Depending on the match, the structure is then searched for motifs or signature catalytic residues in order to narrow down on the function. Such an approach provides a good starting point for designing functional experiments to support the structural evidence in order to determine the function of hypothetical proteins (Brenner and Levitt, 2000; Chandonia and Brenner, 2005) .
Pyrococcus furiosus is an anaerobic hyperthermophile, which has an optimal temperature of growth at 100°C. ORF PF2046 is a 25.6 kDa non-Pfam, hypothetical protein from Pyrococcus furiosus. The primary amino acid sequence does not provide any clue to its function. We decided to determine the structure of this protein to obtain clues about its function. The structure solved at 3.4 Å resolution using the anomalous signal of selenium reveals that PF2046 has a RNA binding domain and could be involved in the processing of nucleic acids.
homology. Therefore, a Se-Met derivative of the protein was used to solve the phases. All the three methionines of PF2046 could be replaced by Se-Met and the anomalous signal from 18 selenium atoms in ASU could be detected. The ASU consists of six molecules of PF2046 with a solvent content of 67%. Interestingly, the protein seems to have crystallized as a homodimer of trimers, with the trimers within the dimer related by 42.3 Å translation along NCS 3-fold axis of the trimer and 15.8°rotation around the same axis. To find out the oligomeric state of the protein in solution, analytical ultracentrifugation studies were carried out. The results suggest that PF2046 assembles into a trimer in solution. Initial attempts to solve the structure of PF2046 failed because the resolution of the diffraction data was low and the ASU was large with 1422 amino acids. Extensive purification, chemical modification (Rayment, 1997; Walter et al., 2006; Shaw et al., 2007) and coverage of a larger crystallization space during screening and optimization could not improve the resolution beyond 3.38 Å. Incorporation of Se-Met in the protein not only helped obtain the phase, but the heavy atom positions also served as useful guides during the tracing of the map. Initially only half of the total residues could be traced automatically by Autobuild (Perrakis et al., 1999) , and in addition, the quality of the map was poor. The Wilson plot indicated a B factor of 89.0 for the original Se-Met data. Therefore, B-factor sharpening was used to improve the map (Pannu et al., 1998; Bass et al., 2002; DeLaBarre and Brunger, 2003) . The program CAD of the CCP4 package was employed for sharpening the Bfactors. An artificial minus B-factor was imposed on the original mtz file resulting in a B factor of 20 and enhancement of the electron-density map (Fig. 1) . In addition to B-factor sharpening, multi-crystal averaging (Chen et al., 2005) with another data set collected at the Se edge gave a 12-fold averaging, which resulted in a significant improvement of the map and the model. A Dmmulti (Cowtan and Zhang, 1999) script run with 1000 cycles helped trace a number of side chains. Coot was used to inspect the electron density and manually build parts of the model (Emsley and Cowtan, 2004) . A combination of iterative cycles of refinement (Phenix.refine) (Adams et al., 2002) , B-factor sharpening, multi-crystal averaging and manual model building resulted in a final model with a R value of 23.5 (R free = 24.7) and refinement statistics listed in Table 1. PF2046 is annotated as a conserved hypothetical protein. A PSI-Blast (Altschul et al., 1997) search using the amino acid sequence failed to retrieve any homologous proteins with known function. In addition, the primary sequence of PF2046 does not contain any known conserved domains. To gain clues about the function, we analyzed the structure of PF2046 using DALI (Holm et al., 2008) for structural homology with structures deposited in PDB (Berman et al., 2000) . The list of top 20 structural matches consisted exclusively of ribonucleases, in particular RNase H. The best match was RNase HI from Sulfolobus (PDB code 2EHG) with a Z score of 7.6 for an overlap of 124 amino acids out of 149, with an r.m.s.d. value of 3.6 Å and a sequence identity of 12%. A ProFunc analysis (Laskowski et al., 2005) gave similar results-the secondary structural elements of PF2046 are similar to RNase H. Therefore, PF2046 could possibly function as a RNase H. However, this hypothesis needs to be verified experimentally with functional assays.
CATH server classified the protein as alpha beta with a 2-layer sandwich architecture and topology similar to double stranded RNA binding domain (Pearl et al., 2004) . The overall structure consists of 3 helices and 3 sheets. Strands β1, β2, β3 and β4 of sheet 1 and strands β7, β8, β9, β10, β11, and β12 from sheet 3 seem to be encircling helix α3 (Fig. 2A) . Interestingly, helix α2 is bent by 110°at the center with one end protruding out of the protein. Within the trimer, the protrusions look like a clamp covering a positively charged cavity at the center ( Fig. 2B and 2C ).
DISCUSSION
Although the primary amino acid sequence did not provide any clue to the function of PF2046, analysis of the structure of PF2046 by DALI, Profunc and CATH indicated that the secondary structural elements of PF2046 are similar to a RNase HI (Katayanagi et al., 1990; Davies et al., 1991; Ohtani et al., 2004) . We analyzed the structure further for signature motifs and catalytic residues necessary for the processing of nucleic acids. PF2046 has a basic protrusion, which is used by most of the RNase HI enzymes to bind nucleic acids (Fig. 3A) . In addition, the quaternary structure of PF2046 is similar to the RNase H domain of HIV reverse transcriptase (Davies et al., 1991) . Especially, the tunnel observed in the tertiary structure of PF2046 is similar in architecture to the one seen in HIV reverse transcriptase used for binding double stranded nucleic acids (Fig. 3) . Furthermore, RNase HI catalyzes hydrolysis using three aspartic acids and a glutamic acid. The tertiary structure of PF2046 reveals an identical motif formed by an aspartate (Asp197) contributed by each monomer within a trimer and a glutamate residue, Glu200, located at the center of the tunnel within a highly basic patch (Fig. 3A) . The carboxylic acids are known to bind metal ions in RNase HI (Katayanagi et al., 1990; Davies et al., 1991; Ohtani et al., 2004) . In addition to the carboxylic acids, a histidine residue participates in the catalysis. This histidine residue is conserved in the human and E. coli RNase HI and is also found at a similar position in HIV-1 RNase H. The histidine is replaced by an arginine in the archaeal RNase HI from Solfolobus tokodaii (Ohtani et al., 2004) . Interestingly, an arginine, Arg227, occupies the position of the histidine in the structure of PF2046, suggesting that the archaeal RNase HI prefers an arginine at this position ( Fig. 3A and 3B) . Structure based evidences suggest that PF2046 has a catalytic machinery similar to RNase HI (Fig. 3A and 3C) . A number of proteins like integrases (Dyda et al., 1994) , transposases (Rice and Mizuuchi, 1995) , and resolvases (Ariyoshi et al., 1994) carry out functions using similar catalytic residues. Further functional studies are warranted to elucidate the exact function and physiologic role of PF2046.
MATERIALS AND METHODS

Protein production
The gene for ORF PF2046 (NCBI gene ID 1469931) was amplified from the genomic DNA of Pyrococcus furiosus and cloned into pET28b vector. E. coli BL21 (DE3) was freshly transformed with plasmid containing a PF2046 gene. N-terminal hexa-histidine tagged protein was produced by growing cells at 37°C until culture density reached OD 600nm 0.8. The culture was cooled down to 16°C and induced with 0.2 mM IPTG for 20 h. Seleno-methionine labeled protein was produced by transforming the plasmid into E. coli B834 (DE3) and growing the cells in M9 media supplemented with 40 mg/L of seleno-L-methionine. Cells were harvested by centrifugation and lysed by sonication. Unbroken cells and debris were removed by centrifugation and the clarified supernatant was subjected to a heat treatment at 70°C for 1 h during which most of the E. coli protein precipitated. After centrifugation, the recombinant PF2046 was purified from the supernatant by Ni-affinity chromatography. His-tag was cleaved by treating the protein with thrombin at 30°C for 2 h. Uncut protein was removed by a second round of Ni-affinity chromatography. The protein was further purified by gel filtration using a Superdex G75 HR column equilibrated with 20 mM Tris-HCl, pH 8.0, 200 mM NaCl, and 1 mM DTT. Fractions containing the protein were pooled and concentrated to 10 mg/mL before setting up crystallization drops.
Crystallization and data collection PF2046 was set up for crystallization immediately after purification. Crystallization was carried out in hanging drop vapor diffusion. Commercially available sparse matrix screens were used to screen crystallization space. Two microliter crystallization drops containing 1 μL protein mixed with 1 μL mother liquor were equilibrated over 300 μL reservoir solution and incubated at 16°C. Crystals were obtained at a number of conditions within a week. Tetragonal crystals were formed in a crystallization solution containing 20% PEG 4000, 20% (v/v) 2-propanol, 0.1 M sodium citrate. 0.1 M sodium acetate pH 5.0, 0.1 M sodium chloride, 10% (w/v) MPD. Crystals were frozen in liquid nitrogen prior to diffraction testing and data collection. Diffraction data of the selenium-labeled crystal were collected at beamline 22-ID, APS, Argonne National Laboratory. Data were indexed and scaled to 3.38 Å resolution using HKL2000 (Otwinowski and Minor, 1997) . The statistics of the data are listed in Table 1 .
Phasing and refinement
The phases were determined using Se-Met peak data by SAD method at 3.38 Å resolution. Due to the limitation of low resolution and data quality, the phases and electron density map are suboptimal. The phases were improved by the combination of B-factor sharpening and multi-crystal averaging between Se-Met peak data and Se-Met edge data. Several cycles of B-factor sharpening, multi-crystal averaging, restrained refinement, and manual model building resulted in a final model with an R value of 23.5 (R free = 24.7). The asymmetric unit was large and consisted of six molecules (1422 amino acids) arranged as a homodimer of trimers. Details of data collection and refinement statistics are listed in Table 1 .
Analytical ultracentrifugation
Analytical sedimentation velocity experiments were carried out using a ProteomeLab™ XL-I protein characterization system (Beckman Coulter). An-60Ti rotor was used to centrifuge a 1 mg/mL protein sample suspended in 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, at 60,000 rpm. Absorbance was read at 280 nm. A set of 93 scans were collected at 1 min intervals. Data were analyzed using Sedfit software.
